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INTRODUCTION
Ulcerative colitis (UC) is characterized by chronic intestinal inflammation, and is one of the 2 main subtypes of IBD. 1 The quiescent UC. 7 Although 5-ASA causes relatively few serious adverse events, intolerance to 5-ASA occurs up to 15% of patients and their common clinical manifestations are diarrhea, fever, and rash. [8] [9] [10] [11] However, the effect of 5-ASA intolerance on the prognosis of patients with UC has been reported in only a small number of case series; no large-scale studies have been conducted. Furthermore, the detailed mechanisms of 5-ASA intolerance have not been elucidated. Although it is presumed that allergic reactions, chemical toxicity, and chemical reactions are involved, allergic reactions have not been clearly distinguished from other types of reactions. Previous studies have revealed that the pathogenesis of UC involves many factors, such as immunological function, environmental factors, genetic predisposition, and the intestinal microbiota, 12, 13 and suggest that disturbance of the intestinal microbiota (dysbiosis) may be involved in 5-ASA intolerance. The present study was performed to clarify the optimal treatment strategy for patients with 5-ASA intolerance by investigating the relationship between 5-ASA intolerance and the prognosis in patients with UC. We also examined the relationship between 5-ASA intolerance and the intestinal microbiota in an attempt to devise a therapeutic strategy for resolving 5-ASA intolerance.
METHODS

Medical Record Review Cohort (Keio IBD Longitudinal Cohort)
We collected clinical information from our database of prospectively registered patients (n = 827) with UC from January 1, 2015 to June 30, 2018 ( Fig. 1 ). Using this database, we retrospectively reviewed the medical records of patients with UC who visited outpatient clinics at participating hospitals. 5-ASA intolerance was observed prior to hospitalization; therefore, hospitalizations were due to disease worsening in all cases. All participating hospitals are as follows; Keio University Hospital, Edogawa Hospital, Saitama Medical Center, Tokyo Saiseikai Central Hospital, Eiju General Hospital, and Shonan Keiiku Hospital.
Microbial Analysis Cohort (Keio UC Microbial
Cohort) In the microbial analysis, we recruited 181 patients with UC who were aged ≥ 20 years and were in the remission phase (defined as a partial Mayo Clinic score of ≤ 1 without bloody stool). As defined in previous reports, 8, 9, 14 patients with 5-ASA intolerance were defined as patients who had experienced at least one of the following symptoms in response to 5-ASA administration: headache, digestive symptoms, skin symptoms, or fever.
End Points
The primary endpoint in the Keio IBD Longitudinal Cohort was the incidence of hospitalization within 12 months, and the secondary endpoints were the incidence of hospitalization and the requirement for induction therapy (corticosteroids, calcineurin inhibitors, anti-TNF-α antibodies, and cytapheresis) between patients with 5-ASA intolerance (intolerance group) and those without 5-ASA intolerance (tolerance group).
The primary outcome in the Keio UC Microbial Cohort was alterations in the fecal microbiota composition.
Ethical Considerations
The medical record review (Keio IBD Longitudinal Cohort) was approved by the Ethics Committee of Keio University School of Medicine (approval No. 20160038). The study was registered at the University Hospital Medical Information Network Center (UMIN000027028), and was conducted in accordance with the principles of the Declaration of Helsinki. Because informed consent was not required for this retrospective observational study, we obtained the patients' consent for study inclusion by posting the study information in participating hospitals. All patient records and information were anonymized before the analysis.
The intestinal microbiota analysis (Keio UC Microbial Cohort) was approved by the Ethics Committee of Keio University School of Medicine (approval No. 20140101), and all participants provided written informed consent. Fig. 1 . Flowchart of participants in the risk analysis for admission divided into the 5-aminosalicylic acid (5-ASA) tolerance group and the 5-ASA intolerance group.
Statistical Analysis
In the Keio IBD Longitudinal Cohort, the primary end point was compared between the intolerance and tolerance groups using the chi-square test. The secondary end points were compared using univariate analysis and logistic regression with multivariate analysis. The following variables were used as confounders in the logistic regression with multivariate analysis: age, disease duration, disease extent, serum albumin level, 5-ASA non-administration, 5-ASA intolerance, and immunomodulator (IM) tolerance. In the Keio UC Microbial Cohort, the primary outcome was compared between the intolerance and tolerance groups using Student t-test. All statistical analyses were performed using SPSS software, version 25 (IBM Corp., Armonk, NY, USA). Two-sided P-values were considered significant at < 0.05.
Fecal Sample Collection
Fecal samples were collected from patients just once. Fresh fecal samples were stored under anaerobic conditions in an AnaeroPack TM (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan) at 4°C. Within 24 hours after sampling, liquid nitrogen was used to freeze the feces in 20% glycerol (Wako Pure Chemical Industries Ltd., Osaka, Japan) or phosphate-buffered saline solution (Life Technologies, Tokyo, Japan), and the samples were then stored at -80°C until use.
Bacterial DNA Extraction
Bacterial DNA was prepared as previously reported. 15 In brief, bacterial DNA was extracted by enzymatic lysis using lysozyme (Sigma-Aldrich Co. LCC, Tokyo, Japan) and achromopeptidase (Wako Pure Chemical Industries Ltd.). DNA samples were then purified by treatment with ribonuclease A (Wako Pure Chemical Industries Ltd.), followed by precipitation with 20% polyethylene glycol solution (PEG6000 in 2.5 M sodium chloride). DNA was then pelleted by centrifugation, rinsed with 75% ethanol, and dissolved in tris-ethylene diamine tetra acetic acid buffer.
Sequencing and Processing of Bacterial 16S rRNA
Genes from Fecal DNA Multiplexed 16S amplicon sequencing was performed on the MiSeq Illumina platform; the 16S rRNA gene V1-V2 region was amplified by PCR using the primers 27Fmod and 338R containing Illumina adaptor sequences and a unique 8-bp barcode. PCR amplicons were purified by AMPure XP magnetic purification beads (Beckman Coulter, Inc.), and quanti-fied using the Quant-iT PicoGreen dsDNA Assay Kit. An equal amount of each PCR amplicon was mixed and then sequenced using the MiSeq Reagent Kit v3 (600-cycles). Based on sample-specific barcodes, obtained reads were assigned to each sample, and paired-end reads were merged using the fastq-join program. We removed reads with an average quality value < 25, mismatches to both universal primers, and possible chimeric reads. Among the high-quality reads, 3,000 reads per sample were randomly selected and grouped into operational taxonomic units (OTUs) using the UCLUST algorithm with a 96% identity threshold. Taxonomic assignments for each OTU were made by performing a similarity search against the public 16S and NCBI (National Center for Biotechnology Information) genome databases using the GLSEARCH program. Assignments at the phylum, family, genus, and species levels were made using sequence similarity thresholds of 70%, 90%, 94%, and 96%, respectively. Downstream analyses and visualization were performed with R version 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria) and heatmaps with hierarchically clustered rows, while columns were created using the pheatmap R package (https://cran.rproject.org/web/packages/pheatmap/index.html). Species with a minimal mean OTU > 30 were analyzed in the heatmap. All high-quality 16S V1-V2 sequences analyzed in the present study were deposited into the DNA Data Bank of Japan (DDBJ), GenBank (USA), and European Molecular Biology Laboratory (EMBL) databases.
RESULTS
5-ASA Intolerance Increases the Risk of Hospitalization
During the study period, 827 patients with UC were registered in the IBD registry of our hospital. We excluded 34 patients who had undergone total colectomy and analyzed the remaining 793 patients. Table 1 shows the patients' characteristics, including therapeutic regimens. Of the 793 patients, 59 (7.4%) were intolerant to 5-ASA (intolerance group), while 734 (92.5%) were tolerant (tolerance group) ( Fig. 1) . The adverse effects observed in the intolerance group are summarized in Supplementary Table 1 ; diarrhea was the most common (59.3%), followed by fever (22.0%), headache (10.1%), and skin rash (6.7%). In addition, 46 patients showed intolerance to 1 type of 5-ASA, while 11 showed intolerance to 2 types of 5-ASA; the remaining 2 patients were intolerant to 3 types of 5-ASA (data not shown).
Twenty-two patients (37.2%) in the intolerance group and 55 patients (7.4%) in the tolerance group were hospitalized within the 12-month observation period. The admission rate was significantly higher in the tolerance than tolerance group (P < 0.001) ( Fig. 2A ). In addition, the incidence of corticosteroid use (P < 0.001) and calcineurin inhibitor use (P = 0.007) within the observation period was significantly higher in the intolerance than tolerance group, but the incidences of IM use, anti-TNF-α antibody, and cytapheresis use were similar between the 2 groups ( Fig. 2B-D Table 2 ). These results indicate that 5-ASA intolerance significantly increased the risk of the requirement for induction therapy and hospitalization in patients with UC.
5-ASA Intolerance Increases the Risk of Adverse Clinical Outcomes
In the Keio IBD Longitudinal Cohort, 108 patients were undergoing treatment with anti-TNF-α biologics. The baseline patient characteristics at the start of anti-TNF-α therapy are shown in Supplementary Tables 2 and 3 . The therapy was discontinued in 19 patients (surgical therapy, n = 1; moved to another hospital, n = 5; adverse events, n = 5; loss of response, n = 5; other causes, n = 3). The primary outcome was the need for additional induction therapy during the first 5 years after starting biologics. The study period was complete before 65 patients reached the 5-year observation point. The average observation period was 3.05 years. In the univariable analysis, concomitant IM use in patients with UC starting biologics did not decrease the risk of adverse clinical events (P = 0.206) (Fig.  3A) as shown in a previous study, 16 however, our data showed that 5-ASA intolerance increased the risk of adverse clinical events (P < 0.001) ( Fig. 3B) . Notably, additional induction therapy was required within 1 year after starting biologics in many patients in the 5-ASA intolerance group. The multivariate analysis of the serum albumin level, concomitant IM use, and 5-ASA intolerance at the initiation of biologic administration was performed using binary logistic regression analysis. Interestingly, 5-ASA intolerance was identified as the only risk factor for needing induction therapy (OR, 3.284; 95% CI, 1.022-10.551) ( Supplementary Tables 2 and 3 ).
Dysbiosis Is Involved in 5-ASA Intolerance
Next, we recruited 181 patients with UC to analyze the intestinal microbiota in feces and thus investigate the relationship between 5-ASA intolerance and the intestinal microbiota. We collected feces from 166 patients, and analyzed the feces of 124 patients in the remission phase, including 12 with 5-ASA intolerance, and 112 with 5-ASA tolerance (Fig. 4 , Supplementary Table 4 ).
There was no significant difference in the diversity between these 2 groups ( Fig. 5A and B) . The taxonomic profiles showed that the abundance of the phylum Firmicutes was significantly higher in the intolerance than tolerance group (P < 0.001), while the abundance of the phylum Bacteroidetes was signifi- 1  2  3  4  5  1  2  3  4  5   62  50  39  30  19  14  20  9  6  4  4  3  46  37  25  18  14  10  88  77  56  43  29  21 Years since anti-TNF initiation Years since anti-TNF initiation Values are presented as mean ± SD or number (%). E&L, extensive colitis and left-sided colitis; R, proctitis; Alb, albumin; 5-ASA, 5-aminosalicylic acid; IM, immunomodulator.
cantly lower (P < 0.05) ( Fig. 5C and D) . The genera Faecalibacterium, Streptococcus, and Clostridium (all of which belong to the phylum Firmicutes) were significantly more abundant in the intolerance the tolerance group. Conversely, the abundance of the genus Bacteroides (which belongs to the phylum Bacteroidetes) was significantly lower in the intolerance than tolerance group (P = 0.01) ( Fig. 5E and F) . The abundance of the species Streptococcus salivarius was significantly greater in the intolerance than tolerance group (P = 0.015; data not shown). Because of the antimicrobial activity of salazosulfapyridine (SASP), we also conducted the microbial analysis excluding patients taking SASP. The results showed almost the same trend as ( Fig. 5, Supplementary Fig. 1 ). Next, we observed distinct patterns at the species level between the tolerance and intolerance groups. There were no significant correlations between bacterial species in the tolerance group, while the 5-ASA intolerance group showed positive correlations between one species of Ruminococcus and Bacteroides vulgatus (R = 0.92), and between Bifidobacterium longum and Bifidobacterium adolescentis (R = 0.68) (Supplementary Fig. 2) .
These results suggest that dysbiosis was present in the 5-ASA intolerance group.
DISCUSSION
To the best of our knowledge, the present study is the first to analyze the effect of 5-ASA intolerance on the prognosis of UC using a large-scale analysis and intestinal microbiota analysis of patients with 5-ASA intolerance. We found that 5-ASA intolerance negatively influenced the natural history of UC, and increased the risk of hospitalization and requirements for corticosteroids and calcineurin inhibitors. Previous reports showed that maintenance of long-term remission with 5-ASA reportedly reduces the risk of colorectal cancer. [17] [18] [19] [20] There is no well-established strategy for safe 5-ASA continuation in patients intolerant to 5-ASA; however, one representative method is 5-ASA desensitization. 21 Desensitization is generally performed during hospitalization by starting 5-ASA at a small dosage and gradually increasing the dose. 22, 23 This treatment method is begun while the patient is still in the hospital because it enables prevention of emergency hospitalization and provision of adequate care for unexpected serious adverse events; furthermore, the effectiveness of desensitization remains controversial. 24 In the present study, we aimed to begin the development of alternative therapeutic strategies for 5-ASA continuation in 5-ASA-intolerant patients. The intestinal microbiota is deeply involved in the pathology of UC, and multiple studies have shown that patients with UC have distinct microbial patterns compared with healthy controls. 25, 26 Surprisingly, we observed that the composition of the intestinal microbiota in the 5-ASA intolerance group greatly differed from that in the 5-ASA tolerance group. This suggests that dysbiosis is involved in 5-ASA intolerance and that inducing symbiosis may resolve 5-ASA intolerance. Furthermore, 5-ASA intolerance was associated with a significant increase in Firmicutes species and a significant decrease in Bacteroides species; similar microbial shifts have been found in patients with liver cirrhosis 27 and obesity. 28, 29 Although contradictory results have been reported regarding the Firmicutes/Bacteroidetes ratio between individuals with and without obesity, recent evidence demonstrates that the dysbiosis observed in obesity is multifactorial, with environmental contributions. A high-fat diet reportedly results in intestinal dysbiosis and subsequent dysregulated gut barrier function referred to as "leaky gut, " [30] [31] [32] which is characterized by a thin mucus layer and increased intestinal permeability. Bacteria and dietary fibers reportedly contribute to the formation and degradation of the mucus layer; germ-free mice have a thinner mucus layer than normal mice, while deprivation of dietary fibers in the specific pathogen-free condition results in a reduced mucus layer accompanied by overgrowth of mucin-degrading bacteria. 33 Therefore, a high-fat, low-fiber Western diet may be associated with the development of 5-ASA intolerance, and restoring the "normal" gut microbiome may correct 5-ASA intolerance. Indeed, re- cent studies have shown that inducing symbiosis improves the clinical course of not only UC [34] [35] [36] [37] but also IBS, [38] [39] [40] [41] checkpoint-inhibitor-induced colitis recognized as immune-related adverse events in patients with cancer, 42 hepatic encephalopathy, 43 Parkinson' s disease, 44 and type 2 diabetes. [45] [46] [47] [48] Conventional methods used to induce symbiosis are administration of probiotics and dietary modification including intake of abun-dant dietary fiber; however, fecal microbiota transplantation (FMT) has attracted attention as a method for dramatically altering the intestinal microbiota. FMT reportedly has the potential to induce remission in some patients with UC [49] [50] [51] [52] and may be an effective therapeutic strategy for 5-ASA intolerance. Further clinical and basic studies are needed to examine the efficacy of FMT and determine role of dysbiosis in the devel- A limitation of the present study is that there was no unified definition of 5-ASA intolerance, because this was a retrospective observational study. In addition, 5-ASA intolerance group may include the patients who have abdominal symptoms due to worsening of UC disease activity. Although the number of patients in whom the intestinal microbiota was analyzed was limited, we identified the distinct intestinal microbiome patterns associated with 5-ASA intolerance. Furthermore, since 5-ASA itself may affect the intestinal microbiota, further study is needed to show the changes in intestinal microbiota before and after 5-ASA administration and eliminate the antibacterial properties of 5-ASA.
The present study revealed that patients intolerant to 5-ASA were more likely to require hospitalization and induction therapy. Hence, it may be important to conduct therapeutic interventions earlier in patients with 5-ASA intolerance, and thus lead them into deep remission. In addition, these patients with UC with 5-ASA intolerance had a distinct fecal microbiota pattern. Despite an increasing use of biologics and small molecule inhibitors, 5-ASA remains a mainstay of maintenance therapy for patients with UC. It is expected that it will be difficult to maintain intestinal homeostasis in 5-ASA intolerance group, and there are cases of loss of response to biologics. Therefore, it is speculated that there are many cases that require induction therapy in patients with 5-ASA intolerance. Our data suggest that dysbiosis may influence the development of 5-ASA intolerance. Future studies will identify which species or strains of the microbiota cause 5-ASA intolerance in more detail and clarify whether the microbiota is a biomarker of 5-ASA intolerance. These future studies may prove whether correcting the microbiota prevents or reverses 5-ASA intolerance. 
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